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blood cells in the micro-circulation vesseis. The light

[22] Filed: Mar. 16, 1977 from the tissues is fed to a photomultiplier tube or pho-
todiode via a pinhole mask and interference filter. The

[51] IR, G2 oeiieieiieciricicseresesecersinsasnesanes GO1P 3/36 photomultiplier tube or phOtOdiDdE, as 3 result of beat-
[52] U..S. Cle o 128/2.05 F; 356/28 ing of various components of the light it receives, pro-
[58] Field of Search .................. 128/2 L,2.05 F, 2 A; duces as its output signals a homodyne or heterodyne
356/28, 39-40, 41; 250/573 spectrum or both. These output signals are fed, via a

[56] References Cited low pass filter, to a differentiator, which differentiates
the output signals from the multiplier tube or photodi-

U.S. PATENT DOCUMENTS ode, which are passed by the filter, with respect to time.

3,313,290  3/1967 CHANCE -.eoovereeresersnrecnrn 128/2 A  The output of the differentiator 1s fed to a root-mean-
3,511,227 2/1967  JORDNSON ...oovrvenreerernncnennee. 128205 F  square (RMS) detector. The low pass filter passes, for
3.532,427 1071970  PARINE weoverermeerrereeeeresssasceesaens 356/28  example, signals having a frequency up to about 20
3,552,855 1/1971 Crosswy et al. ..coccoivvviiinnnnnn, 356/28 KHz. The output (R) from the detector, which repre-
3,584,956  6/1971 HINES ..cvcvveereeerecrriccseissnnecnns 356/28 sents the blood flow (average percolation) in the tissues
3,647,299 371972  Lavalee ..coveverieeernieerrenncranenen. 356/41 p]us shot noise, a constant (S), is fed to a dlgltal volime-
3,709,599  1/1973 N ..cvvvvirmiiiniiieeinininnneeennene 356/28 ter. The voltmeter produces a visible read-out indica-
g’g?ig‘g gﬁg?’; ;’;zﬁ’h L 1 gg%zﬁ tive of the output from the detector. The output from
3830222  8/1974  CRAnCe woovevereemeemrserrerseeeenenee 12872 o  the detector is also fed to a calculating circuit which
also receives a signal corresponding to the mean current

OTHER PUBLICATIONS (I) produced by the photomultiplier or photodiode, the

Foreman, J. W. Jr. et al., “Fluid Flow Measurements
with a Laser Doppler Velocimeter”, IEEE Jrnl. Quan-
tum Elec. QE-2, #8, Aug. 1966, pp. 260-266.

Chance, Britton et al., “A Time-Sharing Instrument for
Direct Readout of Oxidation~-Reduction States in In-
tra—cellular Compartments of Cardiac Tissue”, IEEE
Transactions on Biomed Egnr., vol. BME-17, No. 2,
Apr. 1970, pp. 118-120.

Stern, N. D., “In-Vivo Evaluation of Micro-circula-

calculating circuit effecting a solution to the equation

F =.................__M

norm I

F, __ is a normalized output signal representation of
blood flow parameter.

392 Claims, 9 Drawing Figures

% [ie gt

, i RECORDER
| | 8 : ARTERIAL &P
i - -G
| ' RATE NONITOR J—w-{AKALOG HEART RATE
¥ = PUT CURREN"
"BEM PUT L oG e el DETECTR
* ! "": mnr'*"mmml [ Skl
I* EIF I :ﬁ . ﬂLm ' 7 I T" - -
Ar [Low.Pass ENALOG o R DGITAL -
PRE - ML FE FILTER [ FERENT | DETECTOR VOUTRETER| L o “rreie
21 28 2 ¥
5 ety B
XY REXRSER
SeECTR. ——
KRUTIR seLeop | 28
| z




U.S. Patent  Aug 29,1978  Sheet I of S 4,109,647

R7.

STRIP- CHART

RECORDER
(G
i T ANALOG HEART RATE
T - I PMT CURRENT
“DIGIAL
CURRENT e m—

26

PMT LOW-PASS ANALOG RMS DIGITAL
PRE-AMPLIFIER F ILTER DIFFERENT |ATOR DETECTOR VOLTMETE

FLOW PARAMETER
CALCULATING

30
SPECTRUM - kY RECORL ER‘ “
ANALVSER | - osmLLoscoms 23
ANALOG TAPE
RECORDER




U.S. Patent Aug. 29, 1978  Sheet 2 of 5 4,109,647

' 100
FIG 2 CONTROL

90 - 05 MCG/MIN DOPPLER POWER SPECTRA (ARBITRARY UNITS)
80

‘ 20 MCG/MIN
0 \‘ 25 MCG/MIN
60 ‘\ 30 MCG/MIN
. ‘ /35 NOS/MIN
‘ ‘\ 40 MCG/MIN

13 MCG /MIN WITH STEADY NOREPINEPHRINE INFUSIONS.

40

FLOW PARAMETER (% CONTROL)

30
2
0
0 —_—
0 2
FREQUENCY (KHZ) L0G SCALE
00 7
A
90
T RAY;Y | DOSE= 103X (MCG/MN}
5 0+ AE] /\  DOSE=452X (MOG/MN)
S 60 - (7] DOSE=444X (HCG/MIN
- N
5 50 “
S AN
= W S
= ' +
r 0 _i— |
20 - . u
0 + i
o1
0 5 | 5 2

SCALED NOREPINEPHRINE DOSE RATE




U.S. Patent Aug. 29,1978  Sheet 3 of 5 4,109,647

HG 4

NOREPINEPHRINE 25mcq over 5 seconds

)
250 TIME Imute
ARTERIAL PRESSURE iy
MM HG
0.
100 ; —— . - )
FLOW PARAMETER V — S
oMax ol , ‘ _
PHOTOCURRENT 3I
MICROAMPS {0
RMS DETECTOR |
BTRIRY WITS o]~ N—————————
FKG . a
400,
HEART RATE -
0+ _
HYDRALAZINE
AND DEXTRAN
+40 + [+ 26.1%)
+30 + |
- HYORALAZINE
SS +25 - (+13.7%) /
&S 420 -
=
= 4154
§ +10 _
+5 4 = 50
=
l " = (
0 b 30 =
5l TIME { MINUTES) = _sl . N
| '-Sh - R 30
TIME (MINUTES)

HG 5A HG 5B




U.S. Patent Aug. 29, 1978  Sheet 4 of 5 4,109,647

e ™
-'ﬁ_“
-"‘

. —lh— —— o ———— e — —A
FHGCEO «— RENAL CORTICAL FLOW PARAMETER (% CONTROL)

Y W A WITH PIi3

60 —— ¢———— WITHOUT PIi3

f

FLOW PARAMETER (% CONTROL)

|

|

S
|
l

0 - | l | l —
0 | 2 3 4 ;

FI G ? 100 ANGIOTENSIN INFUSION RATE (MICROGRAMS PER MINUTE)

EXPERIMENTAL SPECTRUM

=

60 — . ————— THEORETICAL SPECTRUM

30 — \

FLOW PARAMETER (% CONTROL)

0 —+ A\

10 — \

0 — | e a— -

0.9 ) 0 20

2 )
FREQUENCY (KHZ) LOG SCALE




U.S. Patent Aug. 29, 1978  Sheet 5 of 5 4,109,647

T Nl —
— — r— — gl 4--“_-.__.“_._—_*
T e—— L — - s s m—p—
R el — _h_h_h_ﬂ_u_h_h
L e I U p—

LA . by — *—'

I
I

|
) : 43 42
S RN 3 G | L -D i
. /46 f45
- - —=  ANALOG
R NALOG | R
° FROM 28| SQUARER fai UOTHACTOR
2

FIG |

I
|
!
|
i
[
]
|
!
I
i
I
I
{
I
[
|
!
!
I
E
I
!
I
I
|
l
|
{
I
{
I
!
| [
R™-3I |
. - I
I
[
|
I
|
!
I
!
I
|
!
I
;
I
{
|
I
I
I
!
I
{
I
|
|
I
I
!
|
I
I
I
I
I
I
[
I
[

A

I 747

ANALOG
I * SQUARE ROOT
CIRCUIT




4,109,647

1

METHOD OF AND APPARATUS FOR
MEASUREMENT OF BLOOD FLOW USING
COHERENT LIGHT

BACKGROUND OF THE INVENTION

This invention relates to a method of an apparatus for
measuring the flow of red blood cells flowing in a mi-
crovascular bed. The present invention relates, more
particularly, to a method of an apparatus for measuring
the flow of red blood cells flowing in a microvascular
bed, using the Doppler scattering of coherent light. The
invention can be practiced in connection with the mea-
suring of the blood flow parameters of kidney tissues,
brain tissues, liver tissues, tissues of other organs, and
local cutaneous tissues, as well.

The study of pharmacologic agents and pathophysio-
logic states requires a technique of measuring the tissue
blood flow in internal organs, in the microvascular bed
of the skin and the like, its distribution in different re-
gions of the tissues, and its variation with time. This is
especially true in the kidney, where interarenal redistri-
bution of flow is one of the major effects of drugs and
hemodynamic changes.

Known techniques of measuring regional renal blood
flow include radioactive indicator washout, implanted
hydrogen electrode indicator dilution technique, auto-
radiography, angiography, implantation of 8-ray detec-
tors and radioactive microsphere trapping. Each of
these known techniques has serious drawbacks for the
monitoring of tissue perfusion during physiologic ex-
periments. The radioactive tracer washout can be used

dynamically, but there 1s doubt as to the localization of
the abstract compartments which it defines, and

whether this localization 1s the same 1n all physiologic
states. The hydrogen electrode method 1s invasive, and
may cause alterations in local flow. The same applies to
implantable radiation detectors. The radioactive micro-
sphere method 1s precise and localized, but it is destruc-
tive, and only a small number of data points may be
taken in a single subject. It cannot be used to study
dynamic changes in real time. The same 1s true of auto-
radiography. Angiography is not quantitative and re-
quires the injection of contrast media which may dis-

turb renal function.
It has been proposed in U.S. Pat. No. 3,511,227 to C.

C. Johnson entitled “Measurement of Blood Flow
Using Coherent Light” 1ssued May 12, 1970 that the
rate of blood flow within a blood vessel can be deter-
mined by measuring the Doppler frequency shift of
coherent radiation, which can be produced by a laser,
by directing a coherent light beam into the blood stream
of a patient, and comparing the frequency of the scat-
tered light radiation with the frequency of the original
beam, the difference being a measure of the blood flow
rate. This technique may be suitable for measuring the
flow rate within a relatively large vessel, using an opti-
cal catheter or needle, or in some cases, by selecting a
given wavelength which will penetrate the vessel with
a venipuncture. On the other hand, the technique can-
not be used accurately to measure the velocity of mo-
tion of red blood cells in a microvascular bed of an
organ, for example, to measure the local renal cortical
blood flow parameter or the local cutaneous blood flow
parametler.

It has been reported, on the basis of preliminary ex-
periments, that if the coherent monochromatic light of
a laser is used to illuminate tissues, the light scattered
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from the tissue has a broadened spectrum. The broaden-
Ing 18 believed to be a result of the Doppler frequency
shift sustained by light when it is scattered from red
cells moving in the microvessels. See Stern, “In vivo

evaluation of microcirculation by coherent light scat-
tering”, Nature, Vol. 254, pages 56-58, March 1975.

SUMMARY OF THE INVENTION

It 1s the principal object of the present invention to
provide a method of and apparatus for measuring the
flow of moving material which utilize the reported
phenomenon of spectrum broadening of coherent
monochromatic light scattered from the material.

It 1s an object of the present invention to provide a
method of and apparatus for measuring blood flow in
tissue having a vascular bed which do not require the
use of radioactive materials.

It 1s another object of the present invention to pro-
vide a method of and an apparatus for measuring blood
flow in tissue having a vascular bed which avoid inva-
sive procedures of the site.

It is an additional object of the present invention to
provide an apparatus for and a method of measuring
blood flow 1n tissue having a vascular bed which can be
continuous and effects a quantitative measure of the
flow.

It 1s a further object of the present invention to pro-
vide an apparatus for and method of measuring blood
flow in tissue having a vascular bed which involves the
use of the coherent monochromatic light of a laser.

It 1s yet another object of the present invention to

provide an apparatus for and a method of measuring
blood flow in tissue having a microvascular bed which

determine blood flow as a function of Doppler fre-
quency shifts of coherent monochromatic light scat-
tered from red blood cells moving in microvessels in the
bed.

It is yet an additional object of the present invention
to provide an apparatus for and a method of measuring
the flow of blood flowing in tissue which utilize the
reported phenomenon of spectrum broadening of co-
herent monochromatic light scattered from tissues.

The foregoing objects, as well as others which are to
become apparent from the text below, are achieved in
accordance with an exemplary embodiment of the pres-
ent invention, in its apparatus aspect, by providing a
continuous wave laser, optics for illuminating a region
of tissue, optics for retrieving scattered light, a pinhole
mask for selecting one coherence area of the scattering
pattern, a filter to protect against room light, a photo-
detector such as a photomultiplier tube or a photodiode
and circuitry for processing and analyzing the output of
the photo-detector. The circuitry includes, a differenti-
ator, a low pass filter and a weighted averaging detec-
tor, preferably a root-mean-square (RMS) detector,
connected in cascade between the photo-detector and a
flow parameter calculating circuit. The flow parameter
calculating circuit also receives a second output from a
linear, averaging amplifier coupled between the calcu-
lating circuit and the photo-detector, this amplifier pro-
viding an output signal representative of the mean cur-
rent from the photo-detector. The calculating circuit is
designed to solve the equation F = VR? — SI, where R
1s the output from the RMS detector, and S is a constant
representing shot noise and [ is the mean photo-detector
current of the photo-detector.
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In a preferred variant the calculating circuit also

effects an arithmetic division of F by I, providing F,.,.,.,

the normalized flow parameter. |
The method of the present invention can be carried

out using the above-described apparatus. The method
involves illuminating a region of tissue having a vascu-

lar bed with coherent light; retrieving light scattered by
the tissue, this light having a broadened spectrum
caused by moving blood cells in the tissue; producing a
reduced frequency spectrum of signals by beating the
received light signals in a nonlinear photo-detector;
passing the reduced frequency spectrum of signals
through a low-pass filter and a differentiator; obtaining
a weighted average R of the frequency spectrum of
signals passed through the differentiator, preferably
obtaining the RMS valve thereof; determining the mean
current I produced by the nonlinear photo-detector;
and performing the following calculation: F = VR?
—SI where F is the flow parameter and .S 1S a constant
determined by the gain of the photo-detector.

In a preferred variant of the method F is divided by
I to provide F,,,,,, the normalized flow parameter.

The present invention, in its apparatus aspect, is
broadly characterized by means for sensing backscat-
tered light from moving material, means for determin-
ing the spectrum broadening of the sensed backscat-
tered light and circuitry which processes signals pro-
duced to develop a signal representative of flow param-
eter.

In its method aspect, the present invention is broadly
characterized by sensing the backscattered light, deter-
mining the spectrum broadening and developing a sig-
nal representation of flow parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an experimental
set-up used in studying local blood flow in the outer
cortex of a rat kidney using laser Doppler spectroscopy
and incorporating an exemplary embodiment of an ap-
paratus according to the present invention.

FI1G. 2 is a graphical representation of a family of
Doppler spectra obtained from the kidney of a rat using
the apparatus of FIG. 1 while infusing the rat with
norepinephrine.

FIG. 3 1s a graphical representation of steady state
dose responses obtaining from the kidneys of three rats
using the apparatus of FIG. 1, the rats having been
intravenously supplied with norepinephrine.

FIG. 4 is a graphical representation of physiologic
data, including the transient response of the renal flow
parameter, obtained from a rat using the apparatus of
FIG. 1, over a period including a short span during
which the rat was injected intravenously with norepi-
nephrine.

FIG. 5A and 5B are respectively graphical represen-
tations of renal cortical flow parameters iIn six rats
under control state conditions and when subjected to
hydrolazine given intravenously followed by dextran 70
obtained using the apparatus of FIG. 1.

FIG. 6 is a graphical representation of renal cortical
flow parameters, obtained from two rats, using the ap-
paratus of FIG. 1, while subjecting the rats to intrave-
nous angiotensin II, one of the rats being subjected
simultaneously to infusion of the inhibitor saralasin
(P113).

FIG. 7 is a graphical representation of an experimen-
tal spectrum like that of one of the curves shown in

10

15

20

23

30

35

40

45

50

35

60

65

4
FIG. 2 and of an idealized theoretical spectrum ob-
tained mathematically.

FIG. 8 is a schematic diagram of an analog calcula-
tion circuit suitable for use as the flow parameter calcu-

lation circuit shown in FIG. 1.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS |

Before turning to FIG. 1 and a consideration in detail
of the experimental set-up shown therein, which set-up
incorporates an embodiment of an apparatus for mea-
suring the flow parameter of blood flowing in tissue, a
brief consideration of the principles upon which the
present invention is based is in order.

When coherent light, as a practical matter supplied
by a suitable laser, i1s scattered by a moving blood cell,
its frequency is altered by an amount Aw = KV where
K and v are respectively the scattering vector of the
light and the velocity vector of the red cell. The super-
imposition of the light scattered by red cells of different
velocities and at different angles gives rise to an overall
broadening of the spectral line of the backscattered
light. Because of the multiple scattering of light in tis-
sues by the red cells, neither the angle of incidence at
any given red cell nor the angle of scattering of the light
can be controlled by the geometry of the apparatus. In
addition, at least some of the light may be scattered by
more than one red cell, thereby sustaining more than
one Doppler shift. For these reasons the spectrum of
light scattered from a complex structure, such as a per-
fused kidney or the like, in theory at least cannot at
present be exactly predicted. However, if the overall
flow pattern is speeded up or slowed down, the overall
linewidth of the spectrum will scale in the same way as
the velocity distribution of the red cells, because this
amounts 1n essence to changing the time scale of the
flow pattern. This has been demonstrated experimen-
tally for blood in capillary tubes, and applied with great
generality.

If the scattered light 1s allowed to fall on a photode-
tector such as a photodiode or photomultiplier tube, the
various Doppler shifted components beat with one an-
other to produce fluctuations in the photocurrent at
audio frequencies. If there is a dominant component of
light scattered from stationary stroma, as is clearly true
for skin, and true at least under some conditions for a
renal cortex, this scattered light can serve as a reference
carrier, and the spectrum of the beat frequencies will
have the same shape as the spectral line of the light; that
i1s, a heterodyne spectrum results. If all the scattered
light comes from the red blood cells, the different Dop-
pler components beat with one another and a homo-
dyne spectrum results. This spectrum is the self-convo-
lution of the heterodyne spectrum, and wider by a fac-
tor of V2. In either case, or any Intermediate case in
which both homodyne and heterodyne spectrums result
and are superimposed as a composite spectrum, the
composite photocurrent spectrum scales in width like
the velocity distribution of red blood cells.

One measure of the linewidth is the root-mean-square

(RMS) bandwidth

F = V[ No)wdo (1)
where P (w) 1s the power spectrum of the photocurrent
from a photodiode or photomultiplier tube. For laminar
flow in fixed geometry, F is directly proportional to
flow rate. In more general cases, it can be considered
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the product of G - F, true blood flow, the calibration
“constant” G in each general case depending on the
geometry of the flow and the optical properties of the
tissue which is 1lluminated. Since the number F defined
by equation (1) already varies directly with the amount
of light scattered by red blood cells, and therefore with
the amount of blood in the tissue, it scales like flow in
this respect also, and it 1s reasonable to expect that the
factor G will not vary greatly in any one tissue in the
course of ordinary changes of physiologic state. This
will certainly be the case for changes due to vasomotion
occurring outside the region of observation and at local-
ized sphincters which contain only a small faction of the
red cells in the observation region.

These considerations make it plausible that the pa-
rameter F should vary, in a more or less linear fashion,
with tissue blood flow in a given tissue; moreover, F
can be measured continuously by simple analog cir-
cuitry not requiring a spectrum analyzer. As a practical
matter, the flow parameter can be determined as an
RMS flow parameter.

Referring to FIG. 1, the experimental set-up for
studying local blood flow in the outer cortex of a kidney
of a rat 10 includes a 15mW helium-neon laser 11 (Jodan
Engineering model HN-15) which produces monochro-
matic, coherent light having a wave length of 632.8 nm
and a beam width of approximately one mm. The light
from the laser 11, as shown, impinges on a half-silvered
mirror 12, which reflects the beam towards the exposed
kidney of the rat 10, to illuminate a spot on the exposed
renal cortex. The kidney 1s supported by a glass half-
ring kidney support 13, which includes at least one rod
member in contact with the surface which supports the
rat 10. The support 13 prevents the kidney from moving
to any appreciable degree during the procedure. The
backscattered light passes firstly through a two mm
aperture in a mask 14 at the surface of the kidney,
thence through the half-silver mirror 12 to a second
mirror 9 which directs the light which passes through
the mirror 12 towards and through a 0.5 mm pinhole 15
located in a disc 16 positioned approximately one mm
away from the mask 14. It i1s to be understood that a
single, tilted, fully silvered mirror could be used in place
of the two mirrors 9 and 12 and the members 16-18
somewhat differently positioned. The two mm aperture
and the 0.5 mm pinhole restrict the scattered laser light
so that approximately one coherent area of the renal
cortex 1S sampled. It 1s to be understood that as a practi-
cal matter, light from the laser which impinges on the
surface of the renal cortex at some distances from a
single coherent area, does not have a coherent relation-
ship to the light from the area sought to be sampled.
The backscattered light which passes through the aper-
ture 15 in the disc 16 is passed through an interference
filter 17 which has a band width approximately 3 nm
centered about 632.8 nm, the interference filter 17 cen-
tered about the wavelength serves the purpose of block-
ing ambient light so as to make the experimental set-up
insensitive to ordinary room lights. The beam of coher-
ent light which passes through the interference filter 17
is directed through lens 18 onto the photocathode of a
photomultiplier tube 20 having a high quantum effi-
ciency in the red (EMI 7658-R). While the photomulti-
plier tube 20 is utilized in the exemplary embodiment, it
is to be appreciated that other types of photo-detectors,
such as a photodiode could be used as well. The photo-
multiplier tube 20 like photodiodes, is a non-linear de-
vice. The various Doppler shifted components of the
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light which impinge of the cathode of the photomulti-
plier tube 20 beat with one another to produce fluctua-
tions in the photocurrent output from the tube 20. The
frequency relationships are such that audio frequency
signals are produced as beat notes so as to provide either
a homodyne spectrum, a heterodyne spectrum or mixed
spectrum of audio frequencies, as indicated above. The
beat frequency photocurrent output from the photomul-
tiplier tube 20 is supplied to a preamplifier 21. The out-
put from the preamplifier 21, in the experimental set-up
1s fed to an analog tape recorder 22, which records the
output for possible further study. An output from the
preamplifier 21 1s also fed to an oscilloscope 23 and to
an X-Y recorder 24 via a specirum analyzer 25. The
X-Y recorder serves the purpose of recording the out-
put of the amplifier 25 for further study, while the oscil-
loscope 23 permits direct viewing of the spectrum dur-
Ing experiments.

In accordance with the apparatus of the present in-
vention, the output from the preamplifier 21 is fed to an
adjustable low pass filter 26, which passes, for example,
frequencies of up to about 20 KHz. The output from the
filter 26 1s fed to a conventional differentiator 27 which
differentiates the received audio frequency signals with
respect to time. The differentiated output from the dif-
ferentiator 27 is fed to a root-mean-square (RMS) detec-
tor 28. As shown, the output from the root-mean-square
detector 28 1s fed to a digital voltmeter 29, the output
from the root-mean-square detector 28 being fed addi-
tionally to a first input of a flow parameter calculating
circuit 30. The flow parameter calculating circuit 30 has
a second input which is coupled to an output from a
linear, averaging amplifier 31 which has its input cou-
pled to the output of the preamplifier 21. The linear,
averaging amplifier 31 is preferably adjustable and in-
cludes an RC feedback loop, and produces an output
signal indicative of the mean photomultiplier tube cur-
rent produced in the tube 20; this output is displayed on
digital voltmeter 39.

The flow parameter calculating circuit 30 is an arith-
metic, analog circuit which produces an output repre-
sentative of the flow parameter, preferably normalized.
The details of construction and operation of the flow
parameter calculating circuit 30 are to be considered
further hereinbelow and are illustrated in FIG. 8.

The output from the root-mean-square detector 28 is
fed as one input to a strip-chart recorder 32, which is
provided with four additional inputs. The output signal
from the linear averaging amplifier 31, which represents
the mean photomultiplier tube current is fed to a second
input to the strip-chart recorder 32.

The experimental setup includes additionally an
EKG input to the strip-chart recorder 32 from conven-
tional needle electrodes (not shown) operatively associ-
ated with the rat 10. A conventional rate monitor 33
(Hewlett-Packard 780 7A) is also connected to these
electrodes to develop an output analog signal represent-
ing the heart beat rate. A pressure transducer in the
form of a strain gauge monometer 34 (Statham P23 db)
1s coupled by a 0.023 inch ID polyetheylene tubing 35 to
the carotid artery of the rat 10 so as to produce an
output signal representative of the arterial blood pres-
sure, this signal being coupled to a further input of the
strip-chart recorder 32. The trachea of the rat 10 is
cannulated with a 3 cm No. 12 thin walled polyethylene
tubing 36. During experimental procedure using the
setup illustrated in FIG. 1, the arterial blood pressure,
EKG, analog heart rate, mean photomultiplier tube
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current and the root-mean-square detector output sig-
nals are continuously and simultaneously recorded for
further study on the strip-chart recorder 32.

The infusion pumps 37 and 38 are connected respec-
tively to the internal jugular vein and to the femoral

vein of the rat 10 via a 0.11 inch ID polyethylene tubing,

40 and appropriately sized polyethylene tubing 41 so
that the rat may be infused or injected with various

material during experimental procedures.
The actual photocurrent from the photomultiplier

tube 20 contains, in addition to the flow signal, a certain
irreducible amount of shot noise—noise which is due to
the quantum nature of light, has a perfectly white spec-
trum, and is uncorrelated with the signal, to which it
therefore adds in quadrature. Also, the total signal am-
plitude is proportional to the amount of light returned
from the kidney-of the rat 10, which may vary some-
what due to drift in power of the laser 11 and variations
in the color of kidneys. To compensate for these effects,
the actual, normalized flow parameter is computed by
the calculating circuit 30 from the output of the root-
mean-square detector 28 and from the linear amplifier

31 by the equation

7 NR? _ 57 @

nerm ]

—

where R is the RMS detector output, 7/ i1s the mean
photocurrent and S is the shot noise constant. This
assures, among other things, that the variations in F are
not due to changes in the color of the tissue. It is to be
understood that if a normalized output 1s not desired,
the computation need not include the final arithmetic
division by I. The shot noise constant .S depends on the
gain of the photomultiplier tube 20. This may vary
somewhat from day to day, as a practical matter .§ can
be determined before each experiment by zeroing the
apparatus on a stationary object which will reflect the
light from the laser 11. The zero set of the apparatus
does not depend on any biological calibration. The
zeroing of the apparatus is effected by simply adjusting
a potentiometer in the calculating circuit 30 under con-
ditions standard for the experiment to be conducted,
with the laser light reflected solely from a motionless
object instead of the kidney. No other smoothing or
" manipulation of the data is necessary.

The experimental setup illustrated in FIG. 1 was used
in studying male Sprague-Dawley rats. The male
Sprague-Dawley rats weighing 350-450 grams were
anesthetized with Sodium Pentobarbital (Veterinary
Laboratories) 6 mg/Kg intramuscularly. The trachea of
each rat was cannulated with the 3 cm of No. 12 thin
walled polyethylene tubing 36. The carotid artery on
one side was cannulated with the 0.023 inch ID polyeth-
ylene tubing 35 and internal jugular vemn cannulated
with the 0.011 inch ID polyethylene tubing 40. When
two drugs were to be infused simultaneously, the femo-
ral vein was also cannulated, with the appropriately
sized, polyethylene tubing 41. The left kidney was ex-
posed by left abdominal approach, freed from underly-
ing connective tissue by blunt dissection, supported on
the glass half-ring support 13 and bathed in mineral oil
at 37° C, as for micropuncture. The o1l temperature was
monitored continuously by a thermistor probe (not
shown) at the end of an oil pipette (not shown). Arterial
pressure was monitored with the strain gauge manome-
ter 34 and recorder continuously on the strip chart of
the recorded 32. The EKG was monitored via the con-
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ventional needle electrodes and recorded continuously
on the strip-chart of the recorder 32, and heart rate was
monitored by the standard rate monitor 33 connected to

the strip-chart recorder 32 and to a frequency meter

(Hewlett-Packard 500C).

. Preparations were discarded in the event that mean
blood pressure fell below 90 or the heart rate exceeded
350 under control conditions, or if there was significant
bleeding or instability of physiologic parameters during
control periods. There was no difficulty in distinguish-
ing satisfactory preparations from unstable ones. Drugs
were infused with the syringe infusion pumps 37 and 38
at flow rates not exceeding 0.05 ml/min intravenously.
Comparable infusions of physiologic saline produced no
effect.

‘A number of drugs were used in experiments with the

setup shown in FIG. 1. These drugs included nore-
prinephrine (L.evophed, Winthrop), hydralazine HCI
(Apresoline, Ciba) angiotensin II amide (Hypertensin,
Ciba), saralasin acetate (P113, Norwich) dopamine HCI
(Intropin, Arnar-Stone), isoroterenol (Isuprel, Win-
throp), dextran 70 (Macrodex, Pharmacia), epinephrine
(Parke-Davis) and sodium nitroprusside (Nipride, Ro-
che).

For those drugs which are rapid acting and rapidly
metabolized (norepinephrine, angiotensin, epinephrine,
dopamine, nitroprusside, isoproterenol) steady state
intravenous dose response curves were obtained. The
drug was infused at each dose rate until all physiologic
parameters (including the Doppler shift parameter)
reached steady state, at which time a reading was taken.
Between points the animal being investigated was al-
lowed to recover to a steady state at baseline values.
Except in the case of animals found to be bleeding,
which were discarded, the values always returned to
baseline within 5% between infusions. The points on the
dose response curve were taken in random order; doses
were chosen empirically to include a full range from
minimum threshold to a maximum rate which either
produced a plateau of all physiologic response or intol-
erable side effects (e.g. cardiac arrhythmia, hypotension
below 50 mmHg). :

For long acting drugs (Hydralazine) the animal was
allowed to achieve a steady baseline (variation in flow
parameter of less than 5% over 30 minutes), following
which single intravenous doses were given spaced to
allow a plateau of all response before the next dose, in
order to achieve a cumulative response curve. In the
case of hydralazine, doses of 0.1 mg/Kg were given at
intervals of 5 to 10 minutes until either a maximal in-
crease 1n flow parameter was obtained, or mean blood
pressure fell below 50 mm Hg. At that point the mean
blood pressure was restored to 100 mm Hg by infusion
of 6% dextran 70 solution (maximum 3 ml), and a fur-
ther reading taken when steady state was established.

Kidneys in the control state gave rise to a spectrum of
about 5 kHz width, of a shape and width consistent with
theory. The flow parameter, in arbitrary units produced
by the circuitry of the present invention, ranged be-
tween 1.12 and 1.4 for all the rates, usunally being in the
1.25 to 1.35 range. The value varied by 5-8% from
point to point over the exposed surface of the kidney,
and fluctuated by less than 5% over 30 minutes of base-
line. Rates in which the initial flow parameter was less
than 1.0 turned out to have problems of preparation
(bleeding, excessive anesthesia, etc.) which declared
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themselves 1n other ways during the control period;
these rats were discarded.

It the rat was sacrificed by overdose of anesthesia, or
if the renal pedicle was tied, the flow parameter imme-
diately fell to 0.05 or less, and the spectrum became flat,
as expected. |

FIG. 2 shows a typical family of light spectra ob-
tained from the kidney in a given rat at various respec-
tive steady state infusion rates of norepinephrine infused
intravenously. These spectra were obtained in random
order, in real time, with return to the control spectrum
between 1nfusions. As indicated in FIG. 2, the infusion
rates ranged from 0.5 to 4.0 MCG/min. Between the
control state and the maximum infusion rate the mean
blood pressure increased from 125 to 250 mm Hg, the
heart rate from 280 to 420 and the flow parameter fell to
13% of its control value, chosen to equal 100 for the
intercept of the control spectrum. The expected nar-
rowing of the spectrum is seen with increasing vasocon-
striction, as well as the characteristic logarithmic shape
of the spectrum at the low frequency end.

Complete dose response curves obtained for norepi-
nephrine in eight different rats has indicated that the
flow parameter always falls monotonically as a function
of dose rate, typically reaching 30-40% of control val-
ues at maximum tolerated steady state dose rates. In all
these animals, except one, the curve has been convex,
having an exponential shape, with variation of about a
factor of 3 in the absolute sensitivities of different ani-
mals to the drug.

In FIG. 3 the steady state dose response curves of the
Doppler flow parameter to intravenous norepinephrine
in three rats are shown, with the ordinate scaled as
shown for each rat in order to fit a standard exponential
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curve. The flow parameter is shown on a percentage of 35

the control value for each rat. It is noted that the curve
1s exponential.

In order to demonstrate the capacity of the Doppler
technique to provide a rapid response, the norepineph-
rine was administered as a rapid intravenous bolus. A
typical transient response to a moderate dose 1s shown
in FI1G. 4. Transient response to the laser renal flow
parameter and other physiologic data to a bolus of 2.5
micrograms of norepinephrine injected intravenously
over 5 seconds at the time shown by the vertical arrow
in FIG. 4. The flow parameter is shown as percent of its
control value prior to the injection. The mean photo-
current, an EK@G, heart rate and the output of the root-
mean-square detector from which the flow parameter is
computed by the formula (2) set out hereinabove are
shown as they were recorded by the strip-chart re-
corder 32 during this particular experiment. With
higher bolus doses it 1s possible to reduce the flow pa-
rameter virtually to zero, as can be seen from FIG. 4, at
the peak of the response. This cannot be done with
steady state infusions due to occurrence of cardiac ar-
rhythmias.

FIG. SA shows graphically the percentage change in
renal cortical flow parameter produced by hydralazine
given intravenously to four rats, and by hydralazine
followed by volume expansion with dexiran 70 to re-
store mean arterial pressure to 100 mm Hg, in two rats;
the changes produced by these interventions, compared
to the control state immediately prior to injection of the
same si1x rats as illustrated in FIG. 3B. The variations
shown in FIG. 3B are random variations occurring over
a comparable period (30 minutes) without intervention,
in the same animals, prior to the first dose of hydrala-
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zine. The known renal vasodilator hydralazine was
administered according to standard protocol. This typi-
cal response was an increase in the flow parameter up to
a maximum, usually occurring at doses which lowered
the mean blood pressure to about 80 mm Hg, followed
by a decline at higher doses, if the blood pressure fell
further, or a plateau if it did not. Restoring the blood
pressure to 100 mm Hg by volume replacement pro-
duced a variable further increase in flow parameter.
The maximum percentage change in flow parameter
obtained with hydralazine, and with hydralazine plus
the volume expansion in the six rats are shown in FIG.
5B, the differences are apparent.

FIG. 6 shows graphically steady state dose response
curves to intravenous angiotensin IT obtained with and
without a simultaneous infusion of the inhibitor sarala-
sin (P113). The renal flow parameter on the vertical axis
1s expressed as a percentage of the control value ob-
tained without either drug. All points were obtained in
the same animal, in random order, with return to base-
line between infusions. Angiotensin II was infused into
the jugular vein at rates of 0-5 micrograms/minute
which produced an increase in mean blood pressure
from 100 to 180 mm Hg. A steady state dose response
curve was obtained, with the points taken in random
order. Each point was reproduced 2 or 3 times during
the experiment with variation of less than 3%. A steady
state Infusion of saralasin, a competitive antagonist of
angiotensin II, was given into the femoral vein at 25
micrograms/Kg/min, sufficient to maximally block the
pressor effect of angiotensin at 5 micrograms/minute,
and the angiotensin dose response curve was repeated.
Saralasin alone produced no detectable pharmacologic
effect, and the blood pressure and renal-flow effects of
angiotensin were fully restored within 10 minutes fol-
lowing cessation of the saralasin infusion.

Epinephrine produced results qualitatively similar to
norepinephrine in rats, as measured by the set-up shown
in FIG. 1 showing pronounced vasoconstricting activ-
ity. The minimal flow parameter obtainable with steady
state epinephrine was generally somewhat smaller than
with norepinephrine.

Dopamine, isoproterenol, and nitroprusside were
tested 1n 2-4 rats each and did not produce a significant
effect on the renal flow parameter, as measured by the
set-up shown mm FIG. 1, at doses at which their other
pharmacologic effects were pronounced. Isoproterenol
produced a decrease in blood pressure, which reached
minimum at intermediate dose rates and disappeared at
higher dose rates, consistent with competition between
peripheral and cardiac beta adrenergic effects. At the
intermediate dose rates there was a slight (4%) decline
in the renal flow parameter when the drug was given.
Dopamine produced no change in the renal flow param-
eter over a range of doses which increased blood pres-
sure from control values to 220 mm Hg. It was the only
drug we tested which raised blood pressure without
decreasing the renal flow parameter.

As illustrated in FI1G. 7, a theoretical spectrum, based
on an idealized theoretical model of equation (A9) set
out hereinbelow comes very close to the control spec-
trum illustrated in FIG. 2, which has been illustrated in
FI1G. 7 as a solid line. The experimental spectrum shows
the expected logarithmic behavior at low frequencies,
and the expected high frequency *tail” suggesting that

the idealized model is somewhat simplified.

The Doppler shift of light scattered from moving
particles 1s determined by their absolute velocity, so
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that, in principal, one should be able to determine abso-
Iute tissue blood flow and velocity distribution from the
Doppler spectrum. As a practical matter, the complex-
ity of multiple scattering theory and uncertainties of the
optical properties of tissues prevent a full theoretical
interpretation of the spectrum, one must rely on a sim-
plified analysis of the data, supported by general theory,
and confirmed empirically. In the illustrative embodi-
ment a root-mean-square average frequency shift as an
indicator of flow has been chosen, because it is the
easiest to obtain of the many possible weighted averages
of the frequency shift which are linearly proportional to
flow in the special case of laminar flow in a fixed geom-
etry.

The flow parameter obtained from renal cortex is
stable and reproducible and is quite sensitive to inter-

ventions which affect renal perfusion. The results of

pharmacological intervention reported above should be
interpreted in the light of the following relevant facts:

1. Norepinephrine and angiotensin are potent renal
vasoconstrictors, which decrease flow approximately
two fold when infused in the steady state, and probably
do not affect intrarenal distribution, or else divert flow
away from the outermost layer of the cortex (zone 1 of
microsphere method); Rector et al. “Effect of hemor-
rhage and vasopressor agents on distribution of renal
blood flow’’; Am. J. Phys. Vol. 222, pp. 1125-1131, 1972.

2. Salalasin is an inhibitor of the vasopressor and renal
vasoconstrictor effects of angiotensin 1I; Freeman et al.
“Intrarenal role of angiotensin II. Hemeostatic regula-
tion of renal blood flow in the dog”; Circ. Res. Vol. 32,
pp. 692-698, 1973.

3. Hydralazine is known to increase renal blood flow,
except at very low blood pressures, when its hypoten-
sive effect overcomes renal vasodilation; Wilkinson et
al. “Cardiovascular and renal adjustments to a hypoten-
sive agent (l-hydrazinophthalazine; Ciba BA-5968:
apresoline)”; J. Clin. Invest. Vol. 31, pp. 872-879, 1952.

4. Dopamine is a beta adrenergic and alpha adrener-
gic amine, which is also thought to have a direct renal
vasodilating action: Goldberg, L. 1., “Cardiovascular
and renal action of dopamine: potential clinical applica-
tions’’; Pharm. Rev. Vol. 24, pp. 1-29, 1972.

5. Renal vasodilators tend to divert flow away from
the outermost zone of the renal cortex, resulting in only
modest increases, or no change, in absolute flow to this
region; Stein et al. “Effect of renal vasodilatation on the
distribution of cortical blood flow in the kidney of the
dog”; J. Clin. Invest. Vol. 50, pp. 1429-1438, 1971.

6. Isoproterenol is a beta adrenergic stimulant, with
slight alpha receptor action.

7. The adrenergic receptors of the kidney are vaso-
constrictor alpha receptors.

8. Sodium nitroprusside produces profound fall in
blood pressure, due presumably to a direct vasodilating
action in a wide range of systemic vessels; Bastron et al.
“Effect of sodium nitroprusside on function in the iso-
lated and intact dog kidney;” J. Pharm. Exp. Therap.
Vol. 181, pp. 244-249, 1972.

9. The kidney is known to autoregulate blood flow
over a wide range of perfusion pressures.

The penetration depth of the laser-produced light
used in the exemplary embodiment of the present inven-
tion is difficult to determine precisely. In general, light
scattered back from a diffusing object is expected to
travel as far laterally as it penetrates in depth before
re-emerging. Since greater than 50% of the total re-
flected light from the kidney emerges within a 1.5 mm

10

15

20

25

30

35

45

50

3

60

65

12

diameter circle centered on the 1 mm laser spot, it is
estimated that a penetration depth of 0.5 to 1 mm re-
sults. This would mean that most of the signal light
comes from the outermost region (zone 1) of the cortex,
a region thought to have a unique vascular architecture
and reactivity; Forman et al. *“Observations on the fine
blood vessels of the kidney.” Cardiovascular Anatomy
and Pathology, ed. R. T. Harrison and K. R. Hill, New
York, Academic Press, pp. 57-71, 1964. The behavior
of our flow parameter in response to pharmacologic
agents is consistent with the assumption that it is related
in a relatively linear manner to outer zone blood flow. It
is easier to obtain large decreases of the flow parameter
than large increases above control state. This i1s consis-
tent with the fact that most vasodilator drugs are
thought to divert flow away from the outer zone. Nev-
ertheless, it is possible that this asymmetry of response
reflects a non-linearity in the response of our instrument
at high flow states. Possible causes of non-linearity are
significant inhomogeneity in the degree of vasomotion
in different parts of the observed region, and changes in
the effective vascular architecture due to the drugs
themselves. The laser Doppler method measures an
average ‘“‘percolation” in the tissue; the ratio of this
percolation to absolute rate of flow through the tissue
obviously depends on the topology of the vascular bed.
This is not expected to change greatly in the outer renal
cortex during acute interventions.

The demonstration that saralasin blocked the effect of
angiotensin on the renal flow parameter illustrates the
kind of pharmacologic experiment which is easily per-
formed using the laser Doppler method. The blockade
of the renal effect of angiotensin on local outer cortical
flow, while expected, is believed not to have been dem-
onstrated before.

One possible source of error in practicing the present
invention is motion of the kidney. If the kidney support
13 is hand-held, and the kidney gently waved back and
forth about a millimeter every second, it has found that
only a 5% error results in the flow parameter 1n control
states, when measured in accordance with the present

invention. Lower flow states are expected to be propor-
tionally more sensitive to motion artifact. Motion arti-

fact always increases the flow parameter (since motion
noise adds in mean square), so the fact, that flow param-
eters as low as 5% of control have been obtained by
giving a bolus of norepinephrine indicates relative in-
sensitivity to motion under normal experimental condi-
tions.

The laser technique has essentially instantaneous re-
sponse and can be used to make an unlimited number of
comparative measures of flow in a single animal.
Whether it can be used to measure absolute flow will
depend on the extent to which the calibration turns out
to vary with the individual differences in renal vascular
architecture, color of the kidney, etc. In view of the
rather small variation in resting flow parameter from
one animal to another, it 1s believed that measurement
of absolute flow using the approach taught by the pres-
ent invention may indeed be possible.

With the experimental set-up shown in FIG. 1, one is
limited by the penetration depth of the light to the study
of the outermost cortex. It is possible that greater depth
of penetration could be achieved by working at longer
wavelengths. In addition, another potential source of
error, variation in the color of hemoglobin due to desat-
uration, could be eliminated by working at one of the
isosbestic points in the spectrum of hemoglobin (such as
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805 nm). It 1s to be appreciated that any number of
wavelengths could be used, depending on the color of
the tissue, cells or other materials in motion whose flow
parameter 1s to be investigated.
- While the set-up shown in FIG. 1 shows the use of
two mirrors to illuminate and receive backscattered
light from the region to be examined, and it is men-
tioned hereinabove that a single fully silvered mirror
appropriately tilted can be used, it is to be appreciated
that other more complex optics could be used. More-
over, in some applications fiber optics could be used: in
which case, the light could be used to illuminate a tissue
volume considerably beneath the surface and to collect
and return the scattered Doppler shifted light. Simi-
larly, surfaces of organs also could be examined without
making any major incisions to obtain access to the or-
gan.

A brief consideration of the theory of the spectrum
and of a derivation of equation (2) is set out below.

If laser light is scattered by a single particle, such as
a red blood cell, which is moving at a steady velocity
over a distance long compared to the wavelength of
light, the scattered light has its frequency shifted by the
Doppler frequency

———p

w = K-V=Kvcos 8 (Al)
where X 15 the scattering vector of the light (defined as
the difference of the wave vectors of the incident and
scattered light), Vis the velocity vector of the red cell,
v 1s the speed of the red cell (a scalar) and @ is the angle
between the velocity vector and the scattering vector.
In the case of light reflected from a multiple scattering
medium containing many moving red cells, it is not
possible at present to predict the shape of the spectrum
theoretically in a practical way from scattering theory.
In order to predict the general features expected for this
spectrum, one may adopt the ‘““wandering photon”
model of the scattering process. This pictures the light
as a stream of photons, which diffuse through the tissue
by a random walk process, being multiply scattered by
fixed stroma and one or more moving red cells. When
the photon is scattered by a moving red cell, its fre-
quency i1s shifted by an amount given by (Al). The
rigorous justification of the photon wandering model is
a very complex problem in the theory of multidimen-
stonal stochastic processes and are not here considered.
In general, one can expect the model to apply when the
volume of tissue sample is large compared to the dis-
tance over which the motion of red cells is correlated
which is probably valid in the renal cortical microcircu-
lation.

Under the wandering photon model, the spectrum of
light from the tissue is composed of number of compo-
nents corresponding to light which has been sequen-
tially scattered by 1, 2 ... different moving cells:

P(w) = Pl(w) + Pyw) + . .. (A2)
The individual spectra P;... P,. .. are simply the proba-
bility distributions of the Doppler shift sustained by a
photon which has encountered n red cells, weighted
according to the probability of the photon scattering
from that many red cells before emerging. These proba-
bilities diminish rapidly for higher order scattering, due
to absorption of the light, so that the series (A2) con-
verges.

et one examine the first order term, the probability
distribution of w for light which has been scattered by a
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single red cell. The angles of incidence and scattering
are random variables, as are the velocity and direction
of the red cell. Considering first the case where K, the
magnitude of the scattering vector, and v, the speed of
the red cell, are fixed, then the variation of w is due only
to variation of the angle between the velocity vector
and the scattering vector. One can make the assumption
that the relative orientation of these two are random,
which will be the case if the red cell velocities are dis-
tributed isotrophically, or the direction of the light is
diffused before and after scattering by the red cell, or
both. The probability of a given frequency shift will
depend only on the solid angle subtended at the corre-
sponding angle:

_ dQicos®) sinfd@ (A3)
PKp(m) 4 dw — (%) dew
_ d w . 1
=W 2 ) =35

Integrating over the true distribution of K and v one
finds

Pw) = [[LELYO yi g, (A4)

where p (K) is the probability distribution of K and U(v)
1s the speed distribution of the red cells. The limits of
integration in (A4) are defined by the possible values
which K can take, and the possible values of w which
can occur with a given K and v based on (A1):

O <K< 2k (AS)

o] < Kv € «
where £ is the wave number (27/)) of the light.

If one makes the substitution z Kv in (AS) one
obtains |

(A0)

w 2k p (K) UK) (%)
Plw) = / [ Y 7 dK dz
0 0

Ditterentiating (A6) with respect to frequency gives

2k p (K) U () (A7)
dRe) 1 [ PO
w 2w K

O

The value K = 0 corresponds to forward scattering.
Since the scattering by randomly oriented red cells had
cylindrical symmetry, scattering very close to forward
has diminishing probability, so that p (0) = 0 and p
(K)/K tends to a finite limit as K—0. If the distribution
U(v) is atiributed to an array of tubes carrying laminar
flow at various speeds, then there will be a maximum
speed of red cells, above which U(v) goes to zero, and
U(v) will have a non-zero, finite value at v = 0. From
these facts it is possible to deduce that the integral in eq
(A7) tends to a finite limit as w—0, so that P(w) behaves
like - log (w) at low frequencies. For the idealized spe-
clal case of an array of identical cylindrical vessels
carrying the same flow in different directions, and red
cells which scatter isotropically, the distributions are
given by
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] (A8)
. S _{ Vmax
P(K) - 2k2 ’ U(P) (0

where v, 1s the central (maximum) flow speed in the
vessels and we can integrate (A6) directly to find P(w):

Aw) = (A9)
]

{mmax I:ln (mm:n )+ ( w — | )]
0 for v >w,,,, @ ©max

for o<w,,,,

‘'where the maximum frequency in the spectrum is
W pax = 2KV 0 (A10)

In the more general case one can still expect from (A7)
that a first order Doppler spectrum will have a logarith-
mic (integrable) singularity at low frequencies; 1t will
have a log (») term which dominates at low frequen-
cies, and a high frequency ‘“tail”.

The nth order spectrum is proportional to the proba-
bility distribution of the random Doppler shift accumu-
lated by one photon when scattered successively by »
red cells. If we assume that these successive shifts are

statistically independent then

P, (@) = PN (@)DP D (o). .. P" (w) (Al1)

where PX)(w) is the first order spectrum of the shift

produced by the kth red cell and ‘¥ indicates convolu-
tion. The individual P®) spectra each consist of a loga-
rithmic singularity and a finite tail which goes to zero at
a maximum frequency. From this it can be shown (for
example by Laplace transform methods) that the multi-
ple convolutions P, (w) for n>>1 all have a finite limit as
w — 0. The result of all this is that the first order term
(with its log singularity) will dominate the total spec-
trum at low frequencies. Therefore, under relatively
general assumptions it is expected that (1) the Doppler
spectrum from tissue will vary as the negative loga-
rithm of the frequency at low frequencies and (2) there

will be a tail which goes to zero at high frequencies,
which includes the effect of multiple scattering and the
anisotropic scattering pattern of the red blood cells.

FIG. 7 shows an empirical spectrum at control flow
(the same as the control spectrum from FIG. 2 and a
theoretical spectrum based on the idealized first order
solution in equation (A9). The value of v,,, and the
overall amplitude scale of the theoretical spectrum have
been chosen to give a least-squares fit. This illustrates
the fact that the empirical spectrum has the general
shape predicted in the preceding paragraph. The value
of v,,,. 18 0.132 cm/sec, a reasonable order of magnitude
for flow in microvessels. This should not be taken as a
quantitative estimate of the flow speeds in a kidney,
since the idealized assumptions used in deriving (AS8)
are clearly approximations to the true velocity distribu-
tion and red cell scattering pattern.

When Doppler broadened light is detected at a pho-
tomultiplier tube such as the tube 20, audio frequency
fluctuations are produced in the photocurrent by the
beat-frequencies of the different Doppler shifted com-
ponents. Only light from nearby points of the scattering
pattern can beat, since they are mutually coherent. The
largest region (or coherent area) from which hight can
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usefully contribute to the signal may be calculated from

standard diffraction theory, and an appropriate pinhole
is used to limit the light accepted by the photomultiplier
to this region.

The spectrum of the photocurrent fluctuations con-
sists of three components. The beat frequencies of the
Doppler shifted light with light scattered by stationary
tissues from the heterodyne spectrum, which has the
same shape as the spectrum of the Doppler light itself.
The beat frequencies of the Doppler shifted light with
itself form the homodyne spectrum, which is the self-
convolution of the heterodyne spectrum. The homo-
dyne term scales in width proportional to the flow ve-
locities, but it does not possess the logarithmic singular-
ity of the heterodyne spectrum. The third term is shot

- noise. This 1s an inherent noise due to the quantum

nature of light. It has a perfectly flat (white) spectrum,
and is uncorrelated with the flow signal.

Suppose that one defines root-mean-square flow pa-
rameter as follows:

(A12)

=
F = / o’ P (w) do
0

where P(w) represents the flow signal spectrum (exclu-
sive of shot noise). Suppose that the entire flow velocity
distrubition were scaled by a factor a so that v—av.
This would occur if there were laminar flow through a
fixed geometry at a flow rate which was varied by
vasomotion outside the observed region. Then the ve-
locity distribution and signal spectrum scale according

to the relation
) = — U+ )
(A13)
P@) ~ o= A(2-)
Then the new value of the flow parameter is
(A14)

x (ﬂz {1)
Fa = lTP(F)dm:

a /‘m @’ P(mj .dm

0

so that the flow parameter scales in proportion to the
increase in flow velocities. If the true tissue flow rate is

f;then putting o =(f./f,), where f, is some reference flow

rate,

I (A15)
F = f (—f’-—)EG F,

where F1s the value of the flow parameter in the refer-
ence state, and the calibration factor G is defined by
(A15).

The computation of F from equation (A12) can be
effected using a spectrum analyzer and a specially pro-
grammed computer. There 1s a much simper analog
method of obtaining F. If the photocurrent is differenti-
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ated with respect to time, the power spectrum of the
derivative i1s |

(Al6a)

Pugl@) = P, (0)

where P,,,1s comprised of the signal and the shot noise:

Pp(@) = Ko} + NI (A16b)

the latter being proportional to the mean photocurrent
I. If the differentiated signal is passed through a low
pass filter of cutoff frequency B where B> max, and

then detected by a root-mean-square detector, the de-
tector output is

B
R = / Pifw) do =
7,
I fmmzﬂm)dm+51 --_-\!FQ+SI
o

where the shot noise constant S is defined by

B
S=N / w*dw =
0

(Al7)

B (A18)

3

Since S varies with the gain of the photomultiplier tube,
it 1s determined empirically by placing a stationary
object (F' = 0) in the instrument. Finally, in order to
cancel out the effect of variations in the amount of laser
light, one can use the normalized flow parameter ob-
tained by dividing F by the mean photocurrent:

(A19)
NR? _ 57

E I

norm

£
I

which is the same as equation (2) in the text.

As illustrated in FIG. 8, the flow parameter circuit 30
(FIG. 1) includes an operational amplifier 42 having its
input terminal connected to the output terminal of the
mean photomultiplier current amplifier 31 (FIG. 1), via
a series connected resistor 43, to receive a signal I corre-
sponding to the mean photocurrent. A manually adjust-
able, variable resistance 44 is connected between the
output terminal and the input terminal of the amplifier
42, the resistance 44 serving the purpose of setting the
feedback to provide a feedback signal to account for the
shot noise constant S. Thus, the output signal from the
operational amplifier 42 is a signal representative of SI
when the variable resistance 44 has been appropriately
adjusted.

An analog subtraction circuit 45 has its negative input
terminal connected to the output terminal of the ampli-
fier 42 for receiving the representative SI signal there-
from, its other positive input terminal being connected
to the output terminal from an analog squarer 46 to
receive the R?representing signal therefrom. The input
terminal of the analog squarer 46 is connected to the
output terminal of the root-mean-square detector 28 so
as to receive the representative signal R therefrom and
for producing the R? representing signal. The subtrac-
tion circuit 45 accordingly produces, as its output sig-
nal, a signal corresponding to R? — SI.

The R? — SI representing output signal from the
subtracting circuit 45 1s fed to the input terminal of a
conventional analog square root circuit 47 which pro-
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duces an output signal corresponding to VR2 — SI
which, in turn, is fed to a first, input terminal of a con-
ventional, analog dividing circuit 48 which receives, at
its other input terminal, the output signal from the am-
plifier 31 (FIG. 1) which represents the mean photomul-
tiplier tube current 1. The analog dividing circuit 48
produces, as its output signal, a signal representative of
the normalized flow parameter which, as stated herein-
above, is defined as

£ NR2 _ 51

aorm - I

Of course, if a normalized output is not desired, the
dividing circuit 48 may be removed and the output from
the square root circuit 47 used.

It 1s to be appreciated that the illustrative embodi-
ments hereinabove described have been set out by way
of example and not by way of limitation. It is to be
understood that other embodiments and variants are
possible, without departing from the spirit and scope of
the invention, its scope being defined by the appended
claims.

What is claimed is:

1. An apparatus for measuring blood flow in a vascu-
lar bed, the apparatus comprising:

means for illuminating a region of tissue having a

vascular bed with coherent light;

means responsive to light backscattered from the

region of tissue for producing a broadened spec-
trum signal output;

circuit means coupled to said means for producing a

broadened spectrum signal output and responsive
to its broadened spectrum signal output for produc-
ing a signal representative of the blood flow in the
vascular bed;

means for collecting backscattered light from the

region of tissue;
wherein said means responsive to backscattered light
comprise photo-detector means responsive to the
collected light for developing a broadened spec-
trum of low frequency signals, said photo-detector
means producing a means current and having a
substantially constant shot noise output S;

wherein said circuit means comprise means coupled
to said photo-detector means and responsive to its
output for developing an output signal I represen-
tative of the mean current thereof, weighted detec-
tor means coupled to said photo-detector and re-
sponsive to the broadened spectrum of low fre-
quency signals for developing an output signal R;
and calculating circuit means coupled to said
weighted detector means and to said means for
developing an output signal I and responsive to
outputs thereof for producing an output signal F
representative of the blood flow in the vascular
bed.

2. An apparatus according to claim 1, wherein said
calculating circuit comprises circuit means for produc-
ing an output signal F equal to VR? — Sl as a represern-
tation of blood flow parameter in the vascular bed.

3. An apparatus according to claim 1, wherein said
calculating circuit comprises circuit means for produc-
ing an output signal F, .. equal to
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NR? _ §7

I {

as a representation of blood flow parameter in the vas-
cular bed. |

4. An apparatus according to claim 1, wherein said
means for illuminating a region of tissue comprises a
laser.

5. An apparatus according to claim 4, wherein said
laser is a He-Ne laser.

6. An apparatus according to claim 4, wherein said
laser 1s a laser which produces coherent light having a
wave length of substantially 632.8 nm.

7. An apparatus according to claim 4, wherein said
laser is a laser which produces light having a wave
length of substantially 805 nm.

8. An apparatus according to claim 1, wherein said
photo-detector means comprises a photomultiplier tube.

9. An apparatus according to claim 1, wherein said
means for developing an output signal I comprises am-
plifier means coupled to said photo-detector means.

10. An apparatus according to claim 9, wherein said
amplifier means comprises a linear amplifier having an
adjustable gain.

11. An apparatus according to claim 1, wherein said
weighted detector means 1s a root-mean-square detec-

tor.
12. An apparatus for measuring blood flow in a vas-

cular bed, the apparatus comprising;:

means for illuminating a region of tissue having a

vascular bed with coherent light;

means responsive to light backscattered from the

region of tissue for producing a broadened spec-
trum signal output;

circuit means coupled to said means for producing a

broadened spectrum signal output and responsive
to its broadened spectrum signal output for produc-
ing a signal representative of the blood flow in the
vascular bed; and -

means for collecting backscattered light from the

region of tissue;
wherein said means responsive to backscattered light
comprise photo-detector means responsive to the
collected light for developing a broadened spec-
trum of low frequency signals, said photo-detector
means producing a mean current and having a
substantially constant shot noise output S;

wherem said circuit means comprise means coupled
" to said photo-detector means and responsive to its
output for developing an output signal I represen-
tative of the mean current thereof, weighted detec-
tor means coupled to said photodetector and re-
sponsive to the broadened spectrum of low fre-
quency signals for developing an output signal R;
including calculating circuit means coupled to said
weighted detector means and to said means for
developing an output signal I and responsive to
outputs thereof for producing an output signal F
representative of the blood flow 1n the vascular
bed, and

a differentiator means and a low pass filter connected

between said photo- detectcr means and said
weighted detector means.

13. An apparatus according to claim 12, wherein said
low pass filter is connected between said photo-detector
means and said differentiator means, said differentiator
means having its output coupled to said weighted detec-
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tor means for differentiating signals received from said
low pass filter means with respect to time and supplying
these differentiated signals to said weighted detector

means.

14. An apparatus according to claim 13, wherein said
low pass filter is an adjustable filter for passing frequen-
cies up to about 20 KHz.

15. A method of measuring the blood flow 1n a vascu-
lar bed, the method comprising: ‘

illuminating a region’ of tissue having a vasuclar bed

with coherent light;

ccllectlng at least some of the scattered llght from the

region;
detecting the collected light to determine its broad-

ened spectrum; and
determining the blood flow in the vascular bed from

said broadened spectrum;

wherein said detecting step comprises non-linearly
detecting the backscattered light in a photo-detec-
tor to produce a broadened spectrum of low fre-
quency signals and a mean current signal I; and
wherein the determining step comprises producing
a weighted output signal R from the broadened
spectrum of low frequency signals, determining the
shot noise constant S of the photo-detector, and
producing a signal representation F, from the shot
noise constant, the weighted output signal R and
the mean current signal I.

16. A method according to claim 15, wherein the
illuminating step comprises illuminating a region tissue
having a microvascular bed, the collecting step com-
prises collecting at least some of the scattered light from
the microvascular bed, and the determining step com-
prises determining the flow of red blood cells in the
microvascular bed from said broadened spectrum.

17. A method according to claim 15, wherein the
producing step comprises producing an output F equal
to VR? — SI as a representation of blood flow parame-
ter in the vascular bed. |

18. A method according to claim 15, wherein the
producing step comprises producing a normalized out-

put F,,,., equal to

JRZ — SI

I

as a representation of blood flow parameter in the vas-
cular bed. | |

19. A method acccrdmg tc claim 15, whereln sald
illuminating step comprises illuminating a region of the
tissue with coherent light having a wave length of sub-
stantially 632.8 nm.

20. A method according to claim 15, wherein said
illuminating step comprises illuminating a region of the
tissue with coherent light having a wave length of sub-

stantially 805 nm.
21. A method according to claim 15, wherein the step

of detecting the broadened spectrum of low frequency
signals comprises detecting the broadened spectrum of
low frequency signals to produce a root-mean-square

output signal R.

22. A method according to claim 185, 1ncludmg filter-
ing the broadened spectrum of low frequency signals to
pass only signals below a given frequency prior to de-
tecting the broadened spectrum of low frequency sig-
nals.
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23. A method of measuring the blood flow in a vascu-
lar bed, the method comprising:

illuminating a region of tissue having a vascular bed

with coherent light;

collecting at least some of the scattered light from the

region;

detecting the collected light to determine its broad-

ened spectrum;

determining the blood flow in the vascular bed from

said broadened spectrum;
wherein said detecting step comprises non-linearly
detecting the backscattered light in a photo-detec-
tor to produce a broadened spectrum of low fre-
quency signals and a mean current signal I; and
wherein the determining step comprises producing
a weighted output signal R from the broadened
spectrum of low frequency signals, determining the
shot noise constant S of the photo-detector, and
producing a signal representation F, from the shot
noise constant, the weighted output signal R and
the mean current signal I;

filtering the broadened spectrum of low frequency
signals to pass only signals below a given frequency
prior to detecting the broadened spectrum of low
frequency signals; and

differentiating the filtered low frequency signals with

respect to time prior to detecting the broadened
spectrum of low frequency signals.

24. An apparatus for measuring the flow of flowing
material, the apparatus comprising:

means for illuminating at least a portion of the flow-

ing material with coherent light;

means for collecting backscattered light from the

material;
photo-detector means responsive to the collected
light for developing a broadened spectrum of low
frequency signals, said photo-detector means pro-
ducing a mean current and having a substantially
constant shot noise output S;

means coupled to said photo-detector means and
responsive to its output for developing an output
signal I representative of the mean current thereof;

weighted detector means coupled to said photo-
detector and responsive to the broadened spectrum
of low frequency signals for developing an output
signal R; and

calculating circuit means coupled to said weighted

detector means and to said means for developing an
output signal I and responsive to outputs thereof
for producing an output signal F representative of
the flow.

25. An apparatus according to claim 24, wherein said
calculating circuit comprises circuit means for produc-
ing an output signal F equal to V'R2 — SI as a represen-
tation of flow parameter.

26. An apparatus according to claim 24, wherein said
calculating circuit comprises circuit means for produc-

ing an output signal F,,,, equal to

Rt — SI
I

as a representation of flow parameter.
27. An apparatus according to claim 24, wherein said
photo-detector means comprises a photomultiplier tube.
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28. An apparatus according to claim 24, wherein said
means for developing an output signal I comprises am-
plifier means coupled to said photo-detector means.

29. An apparatus according to claim 28, wherein said
amplifier means comprises a linear amplifier having an
adjustable gain.

30. An apparatus according to claim 24, wherein said
weighted detector means is a root-mean-square detec-
tor.

31. An apparatus for measuring the flow of flowing
material, the apparatus comprising:

means for illuminating at least a portion of the flow-

ing material with coherent light;

means for collecting backscattered light from the

material;
photo-detector means responsive to the collected
light for developing a broadened spectrum of low
frequency signals, said photo-detector means pro-
ducing a mean current and having a substantially
constant shot noise output S;

means coupled to said photo-detector means and
responsive to its output for developing an output
signal I representative of the mean current thereof;

weighted detector means coupled to said photodetec-
tor and responsive to the broadened spectrum of
low frequency signals for developing an output
signal R;

calculating circuit means coupled to said weighted
detector means and to said means tor developing an
output signal I and responsive to outputs thereof
for producing an output signal F representative of
the flow; and

a differentiator means and a low pass filter connected

between said photo-detector means and said
weighted detector means.

32. An apparatus according to claim 31, wherein said
low pass filter 1s connected between said photo-detector
means and said differentiator means, said differentiator
means having its output coupled to said weighted detec-
tor means for differentiating signals received from said
low pass filter means with respect to time and supplying
these differentiated signals to said weighted detector
means.

33. An apparatus according to claim 32, wherein said
low pass filter is an adjustable filter for passing frequen-
cies up to about 20 KHz.

34. A method of measuring the flow parameter of
flowing material, the method comprising:

illuminating at least a portion of the flowing material

with coherent light;

collecting at least some of the light scattered from the

material;

non-linearly detecting the collected light in a photo-

detector to produce a broadened spectrum of low
frequency signals and a mean current signal I;
detecting the broadened spectrum of low frequency
signals to produce a weighted output signal R;
determining the shot noise constant S of the photode-
tector; and
producing a signal representation F, from the shot
noise constant, the weighted output signal R and
the mean current signal 1.

35. A method according to claim 34, wherein the
producing step comprises producing an output F equal
to VR2 — Sl as a representation of flow parameter.

36. A method according to claim 34, wherein the
producing step comprises producing a normalized out-
put F,,,., equal to
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\IRZ — ST

I

as a representation of flow parameter.

37. A method according to claim 36, wherein the step
of detecting the broadened spectrum of low frequency
signals comprises detecting the broadened spectrum of
low frequency signals to produce a root-mean-square 1¢

output signal R.
38. A method according to claim 34, including filter-

ing the broadened spectrum of low frequency signals to
pass only signals below a given frequency prior to de-
tecting the broadened spectrum of low frequency sig- 15

nals.

-39. A method of measuring the flow parameter of - -

: flowing material, the method comprising:
- illuminating at least a portion of the flowing material

with coherent light; 20
collecting at least some of the light scattered from the

material;
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non-linearly detecting the collected light in a photo-
detector to produce a broadened spectrum of low

frequency signals and a mean current signal I;
detecting the broadened spectrum of low frequency

signals to produce a weighted output signal R;
determining the shot noise constant S of the photo-
detector; - .
producing a signal representation F, from the shot
noise constant, the weighted output signal R and

the mean current signal I;
wherein the step of detecting the broadened spectrum

of low frequency signals comprises detecting the
broadened spectrum of low frequency signals to
produce a root-mean-square output signal R;
filtering the broadened spectrum of low frequency
signals to pass only signals below a given frequency

prior to-detecting the broadened spectrum-of low -~ -

frequency singals, and
differentiating the filtered low frequency signals with
respect to time prior to detecting the broadened

spectrum of low frequency signals.
x * % x -
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